This paper focus on the sediment particle while it is transported at limit of deposition in sewers, i.e., as bed load at limit of concentration that leads to sediment deposition. Although many sediment transport equations are known in the literature, the knowledge about particle velocity is restricted. Sediment particle and sphere velocity measurements were carried out in two pipe channels and these results led to the development of a semi-theoretical equation for sediment transport at limit of deposition in sewers. Even in transport process without deposition, the sediment movement is slower than water velocity and it is dependent on the angle of repose of sediment on the roughness of the pipe channel. It is suggested a modified dimensionless bed shear stress based on the angle of repose and this parameter was proved to be significant for quantifying the transport capacity.
INTRODUCTION
In order to determine the influence of shear velocity, bed roughness and moving particle diameter on bed-load transport, Meland and Norrman (1966) carried out a series of 6500 single sphere velocity measurements in a 5.6 m long, 100 mm wide tilting flume. The flume bed was made by uniformly packed spherical glass beads. The use of mean shear velocity gRS V *  (where g = gravitational acceleration, R = hydraulic radius, S = channel slope) was avoided, instead it was used the bed shear velocity * u obtained from the water velocity profile measured at the channel centre line. As showed by Replogle and Chow (1966) : * * V u  . The measured mean particle velocities V p were plotted as a function of diameter for each value of bed shear velocity and roughness. In their study the angle of repose  of the particle on the roughness is considered as an important parameter. The angle of repose for a spherical particle at rest on a bed of uniformly packed spheres can be calculated when the path which the particle takes when moving out of its stable 3-points contact position is known. The possible extremes are over the great circle of a bed particle and through the saddle between two bed particles. According to Miller and Byrne (1965) , the most likely path of rolling is considered to lie midway between these two extremes. Calvert and Francis (1970) reported that the particle velocity p V was found to depend linearly on the wall shear stress o  . Although the slopes of graphs of p V versus * V varied somewhat with particle size, Particle veloc. & sedim. transp. at limit deposition in sewers they did not specify these differences. Later, Francis (1973) carried out a study with particle velocity of solid grains over a fixed, plane bed of grains of the same sort, and concluded that there is a considerable difference in particle velocity for different shapes of grains, angular ones always travelling more slowly than the rounded ones. He plotted his results
(V being mean flow velocity and  being settling velocity). Besides the difference caused by the particle shape, this plot was found to depend on the ratio between the particle (and the roughness) and the water depth.
After the first tests on sediment transport at limit of deposition carried out by Novak and Nalluri (1975) in a pipe channel for the purpose of studying sediment problems in sewers, many researches on this subject were developed in Europe. Many of them were carried out in smooth pipes and due to the complexity of the problem, the best-fit procedure was mainly used -see Novak and Nalluri, 1984; Mayerle, 1988; Mayerle et al., 1991; Ab Ghani, 1993 and May,1994 . The use of dimensionless transport parameter,
and shear stress parameter,
where b q = volumetric sediment transport rate per unit width of the channel, d = sediment size, g = acceleration due to gravity,  = relative density of sediment in water;  = bed shear stress and  = water density is a classical procedure in the studies of sediment transport in loose bed (alluvial) channels, but not used for sediment transport in sewers (fixed beds). The sediment load, b q in the transport parameter for pipe channel is replaced by C v RV, (C v being sediment concentration by volume). This study considers the use of classical parameters.
METHOD
Two experimental rigs (tilting flume channels), one an artificially roughened uPVC 305-mmdiam pipe (at University of Newcastle upon Tyne in England) and other a 225mm concrete pipe (at Chalmers University of Technology in Sweden) were used for tests at limit deposition and particle velocity measurements. Both channels have been provided with several slots along the pipes' crown to observe the sediment movement and to enable the required hydraulics measurements. Both flumes were set to the slope of 0.002 (1:500). Tests were carried out with nearly uniform sediments (d 50 in the range of 0.6-5.7mm). All the tests were carried out with uniform part-full flows in clear channel, i.e., with constant water depth o y through test section. For tests at limit deposition uniform flows were first established and the maximum sediment transport rates (fed by a feeder located upstream of the measuring reach) were established. Particle velocity measurements for various sizes were carried out and the relationship between particle velocity and sediment size was analyzed. The velocity was obtained from the time a particle takes to be transported for a distance of 6 m. As the shape affects the particle velocity, the measurements focused the fastest particle in a given sample of particles by selecting the sediment by eye (tests with large sediments) or letting the flow select naturally the fastest particle among the sample dropped into the flow (tests with small particles). For obvious reasons, the particle shape is very important in the transport process; this aspect was also studied using particles with different shape factors at Newcastle. The mean particle velocity of a sample was assumed to follow the trend of its fastest particle velocity. Tests with glass spheres (shape factor equal to 1.0) were carried out and these results were compared with the results obtained with sediments.
RESULTS AND DISCUSSIONS

Particle velocity measurements in sand roughened D = 305mm pipe channel
Tests with sediments. For seven different y o /D values, 467 velocity measurements were carried out and the results are listed in Ota (1999) . The results of the measurements are plotted in Figure 1 . A reasonable spread in the plot was observed, but the trend of higher velocity for larger sediments (larger d/k ratios -k being the sand roughness of 1mm) was very clear. The relationship between fastest particle velocity and sediment size can be written as follows:
where s V = fastest particle velocity of sediment of diameter d, k V = particle velocity of sediment with same size of the roughness k, n = power of the equation. k V and n were determined by best-fit procedure and the results ( k V and n ) based on equation 1 are shown in Table 1 . k V was found to be a function of bed shear velocity and it increases with increasing shear velocity. Figure 2 shows the plot of ratios between particle velocity s V and flow mean velocity V versus d/k. In order to facilitate the visualization, only the average values were plotted. For discharges with plain transport i.e., for y o /D >0.29, the results boiled down to a single power law given by equation 2: Figure 2 ) the results followed a slightly different power law due to the proximity to incipient condition. This trend was also observed in sediment transport rate and it will be discussed afterwards. Figure 2 that compares the results obtained with sediments and with glass spheres in a plot of the ratio between particle velocity and mean flow velocity versus d/k. Because of their favorable shape for rolling movement, the resulting sphere velocities were higher than sediment velocities.
Tests with sediments with different shape factors. Although it is obvious that the particle shape is important in sediment transport process, there is very little mention about it in the literature. This importance seems to be more dominant for sediment transport in clean pipe (fixed bed with small roughness k) rather than in sediment transport over sediment bed (that means larger roughness with the size d). 233 velocity measurements were carried out with different shape factors of sediments. Only particles in the range of 8 mm to 10 mm were used because of the facility of determining the three axes of the particles using a simple caliper rule. All the measurements are listed in Ota (1999) , where the highlight evidences the range of shape factors related to rolling movement. For tests with hydraulic conditions with full transport the ratio of sediment velocity to mean flow velocity for rolling sediments versus shape factor boiled down to a single power law as given by equation 3.
 
This equation suggests that, even for a sphere (SF = 1.0), the rolling velocity is as low as half of the mean flow velocity.
Particle velocity measurements in concrete D = 225mm pipe channel 120 sediment particle velocity measurements were carried out at Chalmers. In Gothenburg the acquisition of sediment was difficult. For larger sizes only very angular glacial gravels were available. The test results showed that the particle velocity increases with increasing diameter for sediments smaller than 3mm (white and brown sands) and the trend was inverted for glacial gravels of larger sizes. Large sediments used in the Chalmers series were not rounded, i.e., these particles have not suffered enough abrasion in nature and presented edges that are unfavorable for rolling movements. These tests and tests with low shape factors showed the difficulty of developing equations for sediment transport at limit of deposition when flat particles or angular particles are present in the test materials. With the same set of glass spheres used at Newcastle, 175 tests were carried out at Chalmers. As the shape factor is 1.0 for all the spheres, and there was no effect of the edges, unlike glacial sediments, the previously described trend seen in Newcastle series was confirmed.
Sediment Transport at limit of deposition
A series of 36 tests with 6 nearly uniform sediments were carried out. All the hydraulic conditions are listed in Table 1 . Figures 3 and 4 display the test results in terms of sediment transport rate and concentration. Figure 3 shows the increasing transport rate (g/min) for increasing discharge and the transport rate was very low for hydraulic conditions near incipient condition. This figure displays an interesting fact that the transport rates are considerably higher for larger materials, under identical hydraulic conditions. As shown in Figure 4 , the concentration increased with increasing discharge (i.e., increasing y o /D) but decreased slightly for higher values of y o /D after passing through a maximum. For the present series of tests, the sediment concentration for y o /D  0.29 remained almost constant for a given material size. For lower discharges, lower concentrations were registered as the hydraulic conditions approximate to the incipient condition. For practical reasons, the experiments developed by May, 1982; May et al., 1989 and Ab Ghani, 1993 were limited to y o /D> 1/3 and no special study was carried out for the particular range of low shear condition. This means that most previous studies were carried out in the range of full transport. Particle velocity and sediment transport at limit deposition The careful observation of sediment movement showed a strong link between particle movement and sediment transport rate. From equation 1, each flow condition and sediment size led to particle velocity and this value was used to define the power to transport sediment at limit of deposition. Figure 5 shows a relationship between sediment transport rate at limit of deposition and sediment particle velocity. The sediment mass flux, Ms in g/min was proved to be higher for hydraulic conditions that lead to higher particle velocity and a power law appears to be satisfactorily describing the transport rates in relation to sediment particle velocity. This quantity seems to reflect the potential of sediment transport at limit of deposition. Only tests close to incipient motion did not show the same trend, but again, it can be concluded that the larger is the diameter the higher the particle velocity is and consequently the higher the transport rate is. As here the particle velocities are related to the fastest particle in a group, they are not representative of the incipient condition that begins with particles with less favorable shape.
Compensated Dimensionless Bed Shear Stress
 and bed load function Based on tests carried out at Newcastle in a sand roughened pipe channel -such as done by Nikuradse -the effect of the ratio between the sediment diameter (d) and the roughness size (k) could be better understood. The rolling movement of sediment is easier for large d/k ratio and the experimental results showed a reasonable fit to a power equation that takes this ratio into account. The dimensionless bed shear stress is sufficient to measure the capacity of the flow to impose movements on sediments over alluvial beds. As quoted before, the angle of repose is implicitly considered. Particle with diameter d, greater than k, would not be in repose on a slope of angle , corresponding to its own angle of repose. It would be in repose only on a milder slope that depends on d/k ratio. A simple model in which spherical particles are on a roughness constituted by smaller spheres touching each other was imagined. In this case, a particle would be touching three roughness spheres. There are two standard paths for this particle to move from rest. The easier path is rolling between two roughness spheres, and the other one is passing over one of the roughness sphere. Tan  for these two cases can be written as in equations 4 and 5: diameter is the higher the particle velocity and, consequently the higher the transport rate is. As the effect of the compensated dimensionless shear stress was elucidated, it seems to be important to confirm the effectiveness of this dimensionless parameter with particle velocity. Figure 6 shows a plot of dimensionless particle velocity   
, which shows very good correlation between these two parameters. The dimensionless particle velocity can be interpreted as a ratio between the particle velocity s V and the settling velocity
, where,
, with the drag coefficient C d nearly constant for sand and gravels considered here. Therefore, the dimensionless particle velocity is a measure of the flow capacity to impose movements on sediment particles and the good correlation seen in Figure 6 confirms the compensated dimensionless bed shear stress as a proper parameter to evaluate bed load at limit deposition. Figure 6 suggests that the dimensionless particle velocity is nearly proportional to the compensated dimensionless bed shear stress as given by equation 6: Figure 1 . Some data with compensated dimensionless bed shear stress below 0.035 may seem wrong, however this is a plot of fastest particle in each sample and it does not show the details of the incipient condition, which is defined by the other particles that move slower than the ones considered here.
Considering the mean sediment velocity as proportional to the fastest sediment velocity studied above, Ota (1999) 
2/3 transport model -See also Ota & Nalluri (2003) . Full sediment transport test results boiled down to a power law given by equation 7. The incipient condition (for very low  value) seems to be given 
